J. agric. Engng Res. (1995) 61, 73-80

REVIEW PAPER

An Integrated Approach to Soil Compaction Predictiont

A. C. Bailey,* R. L. Raper,* C. E. Johnson,§ and E. C. Burt*

* National Soil Dynamics Laboratery, USDA-ARS, Auburn, AL, 36831-3439, U.S.A.
§ Agriculiural Engineering Department, Alabama Agricuftural Experiment Station, Auburn University, AL, 36849-5417. U.S.A,

{Received 27 May 1993 accepted in revised form 8 March 1995)

Several areas of study are contributing to the
development of procedures to predict soil compaction
from machinery traffic. Stresses at the soil-tyre inter-
face are being measured. Analytical and finite element
analyses are being used to predict stresses throughout
the soil profile. Constitutive stress-strain relationships
link soil stresses to compaction and strain. Measured
stress states in the soil profilc provide intermediate
validation of the procedures. This paper summarizes
research on measurement of soil-tyre interface str-
esses, measurement of stress states in the soil profile,
the development of soil constitutive relationships and
analytical and finite element methods to represent the
soil compaction process,

1. Introduction

Soil compaction continwes to be a challenge to
production agriculture, Excessive soil compaction may
diminish crop yields, increase tillage energy consump-
tion, accelerate erosion, and lead to inefficient use of
water and nutrients. Additional field operations and
energy may be required to remove unwanted soil
compaction. The development of procedures that are
able to predict the effects of trafficking the soil in a
particular state would be a powerful tool for produc-
tion agriculture. Such procedures would allow farmers
to make management decisions based on the trade-off
between timeliness and future cost of reclaiming
damaged soil structure. Such procedures would also
be valuable to engineers as they face the continuing
challenge of producing effective and efficient ag-
ricultural machines.

Schafer et al.* presented overall objectives and basic
requirements for modelling soil-machine interactions.
An undertaking of this scope requires an understand-
ing of several basic phenomena. First, the nature of
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soil-tyre interface stresses must be understood. Sec-
ond, the types of stresses occurring within the soil
profile must be known. Third, a constitutive stress—
strain relationship for agricultural soils is necessary to
relate stresses to strains within the profile. Finally, all
this information must be integrated into predictive
procedures using either analytical or numerical tech-
niques such as the finite element method. This paper
is a review of recent research in these areas at the
USDA-ARS National Soil Dynamics Laboratory and
the Agricultural Engineering Department, Alabama
Agricultural Experiment Station, Auburn University,
both in Auburn, Alabama, USA.

2. Measurement of soil-tyre interface stresses

Soil movement starts at the soil-tyre interface.
Knowledge about the stresses at the soil-tyre inter-
face is crucial to the development of a successful soil
compaction prediction procedure because these inter-
face stresses are the inputs to any stress-based proce-
dure that would predict compaction within the soil
caused by a tyre. Both the normal and tangential
stresses on the tyre surface rust be measured because
the tangential stresses are an important part of the
soil-tyre interaction. In addition to measuring these
interface stresses, the distribution and orientation of
both stresses are necessary before the stresses can be
integrated into horizontal and vertical forces. On a
flexible pneumatic tyre this is complicated. The side-
wall and lug structure of the tyre can create large
variations in the pressure profiles across the surface,
so measurements must be made at several locations.
Also, the location and orientation of each transducer
may not be known once it contacts the soil and the
surrounding tyre deflects.

Vanden Berg and Gill® measured the normal stress
distribution across the width of a smooth tyre. Pres-
sure transducers were embedded either in the tyre or
in the soil surface. They found that the shape and
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magnitude of the pressure distribution differed greatly
with seoil type and condition. Firm soils generated
considerably more interface pressure than soft soils.
They also found that higher inflation pressures tended
to shrink the tyre footprint and increase pressures
across the tyre. Decreasing inflation pressure in-
creased the size of the footprint and decreased the
pressures. In all cases pressures tended to be higher
near the edge of the tyre footprint than at the centre.
Trabbic et al® found that the maximum values me-
asured between the lugs were approximately 50% of
the magnitude of the interface stresses measured on
the lugged area. Krick* developed a double-
membrane transducer that was capable of measuring
the normal, tangential and lateral forces on a rigid
wheel and flexible rubber tyre. The large size of the
transducers, however, prevented them from being
used on the surface of the lug.

Burt ef al.® developed a system that measured the
magnitudes, locations and directions of interface str-
esses on an agricultural tyre with lugs. A bi-directional
transducer was designed that used a small commer-
tially available pressure sensor mounted on the end of
a cantilevered beam (Fig. /). The pressure sensor
measured the normal stress and strain gauges on the
cantilevered beam measured strain due to the bending
moment created by the tangential force on the pres-
sure sensor. This measurement was then converted to
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Fig. 1. Transducer for measurement of normal and tangential
soil-tyre interface stresses

a tangential stress at the soil-tyre interface. Three of
these transducers were embedded at locations across
the lug of a tyre, and two were embedded in the
undertread area (area between the lugs). A sonic
digitizer installed within the pneumatic tyre measured
the location and orientation of each of the five
transducers with respect to a known point on the
wheel rim (Fig. 2). From these measurements the
horizontal and vertical components of the interface
stress could be calculated and integrated into horizon-
tal (thrust) and vertical forces.

Typical data obtained from one pass of one inter-
face transducer through the soil-tyre contact area are
shown in Fig. 3. In Fig. 3 the tyre should be visualized
as moving from right to left and rotating coun-
terclockwise. The transducer is directly beneath the
wheel axle when the angle is 270 deg, and in front of
the wheel axle when the angle is less that 270 deg. An
interesting but not completely understood phenome-
non is that occasionally the tangential stress measured
at the soil-tyre interface is greater than the measured
normal stress. This suggests that the traction phenom-
enon may be more than just simple friction between
tyre and soil.

The development of this system for measuring both
the direction and magnitude of soil-tyre interface
stresses has greatly increased understanding of the-
loads that are placed on the soil surface by a tyre.
These loads are particularly important to any soil
compaction procedure because they represent the
stress inputs from the real world. This system has been
used by Wood and Burt® and Wood er al.” to analyse
thrust and motion resistance components of a tractor
tyre, and by Burt ef al.® to determine footprint shape
and size. The challenge of how to incorporate these
data into a soil compaction predictive procedure has
not yet been completely solved.
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Fig. 2. Position measuring system installed within the air
cavity of a preumatic tyre
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Fig. 3. Typical tangential ( + ), and normal (*) stresses from

a soil-tyre interface transducer. The tyre is rotating coun-

terclockwise. The transducer is directly beneath the axle at

270 degrees and in front of the axle ar angles less than 270
degrees

3. Development of a soil stress—strain relationship

3.1. Stress at a point

Stress at a point is a 3 X3 symmetric matrix or
tensor {(Malvern®) with six independent components
often expressed as o,, o,, &, (the normal stresses}),
Tu» Tx and ty, (the shear stresses). A 3X3 real
symmetric matrix has three invariants which define
three eigenvalues and eigenvectors. The eigenvalues
are the three principal stresses and the eigenvectors
define the planes on which the principal stresses act.
Thus, the stress state can be expressed in terms of the
three principal stresses; o,, o> and o3 and their
directions. A plane that is at equal angles to the three
principal stresses is an octahedral plane and the
normal and shear stresses that act on this plane are
the octahedral normal stress

G'oct=(ﬂ'1+02+0'3)/3 (1)
and the octahedral shear stress
Toa = V(oy — o + (0, — a3 + (02— 0,)2/3  (2)

The octahedral normal stress is also called mean
normal stress. The three principal and two octahedral
stresses and their directions are independent (in-
variant} of the orientation of the original three mu-
tually orthogonal planes (x, y and z directions) in the
material.

3.2. A stress—strain relationship for soil

Stress—strain relationships are the constitutive
equations important for prediction of soil compaction
and yield. In their classic paper, Vanden Berg ef al."®
presented the theoretical background for their
hypothesis that soil compaction was probably gov-
erned by the mean (octahedral) normal stress. If the
soil behaved similarly to a solid continuum, then the
stresses should be largest near the application of the
load and should decrease downward from this point.
However, Sohne ef al. '* observed that the maximum
amount of soil compaction occurred below the soil
surface. Thus, it appeared that continuum theory was
not fully applicable to soils.

Bailey and Vanden Berg' then proposed a yield
diagram for unsaturated soils using mean (octahedral)
normal and maximum shear stress. Their yield dia-
gram was based on a three-dimensional yield diagram
for saturated soil proposed by Roscoe et al.'® Later,
Bailey er al™ proposed Eqn (3) as a constitutive
equation for soil subjected to a hydrostatic stress

€ =(A+Ba )1 - (3)

where €, is the natural volumetric strain;, o}, -i1s the
hydrostatic stress; and 4, B and C are compactibility
coefficients. The hydrostatic stress state is a special
stress state in which all principal stresses, oy, o» and
o5, are equal and there are no deviatoric or shear
stresses. The hydrostatic siress is the same as the
octahedral normal stress, but the term hydrostatic
stress was used to emphasize that no shear stresses
were present.

Eqn (3) represents the natural volumetric strain of
an initially loose, cylindrical soil sample under hydros-
tatic compression. Bulk density can be obtained from
natural volumetric strain by using the relationship -

€, = log. (V/Vo) = log. (polp) (4)

where V, Vj,, p and p, are current volume, initial
volume, current bulk density and initial bulk density,
respectively. Thus, the bulk density can be obtained
from Eqn {4} using €, from Eqn (3)

p = pole® (5)

More recently, Bailey and Johnson™ expanded Egn
(3) to represent the cylindrical stress state of the
triaxial test

&=(A+ Bo'uct)(l - e—Co-“c,) + D(Tocllo-ocl) (6)

where o, is the octahedral normal stress; 1,4 is the
octahedral shear stress; and A, B, C and D are
compactibility coefficients. The coefficients A, B and C
have the same values in both Eqns (3) and (6).
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Eqn (6) represents the natural volumetric strain of
an initially loose, cylindrical soil sample under a
monoteonically increasing cylindrical stress state. It
does not represent soil reaction to decreasing stress
levels. It was developed from modified triaxial tests on
several soils using various stress loading paths, but
contains the restriction common to triaxial tests that
the intermediate and minor principal stresses, o, and
a3, are equal. An upper boundary of the octahedral
shear stress is reached when maximum density (or
minimum volume) is attained. When maximum den-
sity is attained, the soil undergoes strain at constant
volume, a condition that is considered to be plastic
flow, and further increases in shear stress will cause no
further increase in density. This limit was found to be
a linear function of the octahedral normal stress, and
may be represented by T,/ = K. This limit on the
octahedral shear stress becomes important when using
Eqn (6) in finite element analyses.

Coefficients A, B, C and D are determined from
triaxial tests. Coefficients A, B and C are determined
using non-linear curve fitting techniques using the
hydrostatic portion of triaxial data (no shear or
deviatoric stress). Coefficient D is determined from
the shear stress loading part of triaxial tests. It is most
easily ‘determined from tests in which shear loading
occurred at constant octahedral normal stress,"™ but
can be determined from conventional triaxial tests,
Coefficients A, B, C and D have been determined for
several soils. These coefficients are unique for each
soil and may change with changes in moisture content.
Also, the s6il must be uniformly prepared for testing
because of the small sample size. Despite these
limitations, this constitutive relationship provides an
accurate ‘determination of soil density at a given stress
state in the soil profile. For this reason, Eqns (3) and
(6) have been used as the stress—strain relationships
for finite element analyses of the soil compaction
process.

4, Measurement of soil siresses

Another area of interest in soil compaction research
is the measurement of the stress state in the soil
profile. This knowledge is critical to the verification of
constitutive equations and also serves as an intermedi-
ate evaluation of proposed compaction procedures. As
discussed in Section 3.1, stress at a point is a 3 X 3 real
symmetric matrix or tensor which may have no more
than six unique components. Thus, six stresses are
required to define the stress state within a material
with respect to any arbitrary x, y, z directions not in
the directions of the principal stresses. Measurement

of the stress state requires the measurement of six
unique stresses from which one can calculate o, o,
Oz Trys Txp @nd Ty, Nichols et al,'® expanding on
concepts proposed by Harris,"” developed a stress
state transducer (88T) that used small commercially
available pressure transducers to measure the normal
pressure acting on six unique planes (Fig. 4). Three of

‘the planes were mutually orthogonal (the planes of p,,

py and p.} and three were non-orthogonal (the planes
of py, p, and p;) (Fig. 5). The directions of the three
non-orthogonal planes were chosen to keep all six
pressure sensors in close proximity and provide a
balanced contribution in the calculation of the shear
stresses acting on the x, y and z planes. The direction
cosines of the plane of p, are all 0-5774 with respect to
the x, y and z axes. The direction cosines of the plane
of p, are —0:5774, 0:5774 and 0-5774 with respect to
the x, y and z axes, respectively. The direction cosines
of the plane of p; are 0-5774, —0-5774 and 0-5774 with
respect to the x, y and z axes, respectively. Shear
stresses are calculated from the six measured press-
ures {P., Py, Poy P1, P2 and p3) from the following
equations

Toy = ~075(pa+ p3) + 0-5(px + py + p2)
T = 0-75(p1 + p3) = 0-5(p«+ py + p2)
7, =0:75(p, + p2) = 0:5(p. + p, + p.)

The three principal stresses and other stresses, such as
the normal stress and shear stress on the octahedral
plane, can then be calculated.

Typical stresses beneath a tyre calculated from
measurements made with a SST beneath the tyre are
shown in Fig. 6. Stresses at positive distances are in
front of the axle. The relative importance of various
components of the complete stress state can be seen in
the figure. The continued development and use of
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Fig. 4. Stress state transducer (55T)
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Fig. 5. Stress state transducer {(SS8T)

these transducers will provide data that will help to
verify soil compaction prediction procedures as well as
expand understanding of how applied stresses are
distributed throughout the soil profile.

5. Development of compaction prediction
procedures

The next area of interest is the distribution of
stresses (or strains) throughout the soil profile. This
step involves the integration of all previous informa-
tion and results in a procedure to predict soil stresses
or compaction. Two major approaches have been
pursued. One approach combines the Frélich and
modified Cerruti equations to provide an “analytical”
equation to predict soil stresses. The other approach
uses the finite element method to predict the stress
and strain distribution within the soil profile.

250

Stress, kPa

Distance from axle, m

Fig. 6. Typical stresses beneath a tyre calculated from measu-

rements made with a $ST. o,( + }, ax(*), oy(c) are principal

stresses, @ ( X} is the octahedral normal stress and T,.(*) is
octahedral shear stress

5.1. The Frdlich-modified Cerruti equation

Johnson and Burt'® used the Frolich and Cerruti
equations to incorporate the soil-tyre interface str-
esses into a stress state prediction equation. The
Frilich equation," a version of the Boussinesq equa-
tion, predicts the radial normal stress in a semi-
infinite, homogeneous, elastic half-space. Two basic
assumpiions of the Frilich equation are that the
modulus of elasticity increases with depth and that
Poisson’s ration is 0-5. A Poisson’s ratio of 0-5
indicates no volume change for an elastic material.™
The Frolich equation can predict the radial normal
stress, 0., at a point in the soil medium from a single
normal point load on the surface. The Cerruti equa-
tion predicts the radial normal stress in the elastic
half-space due to a single shear point load on the soil
surface.” Johnson and Burt'® modified the Cerruti
equation to account for an increasing modulus of
clasticity with depth and, using the principle of
superposition, developed Eqn (8) to calculate o, for
gach point load applied at the soil surface

_ n(Pcos" " ¢; + H;sin""? ¢ cos 6;)
" 2rR?

(8)

where n is the Frolich’s concentration factor (=3-0); P,
is the normal point load; H; is the shear point load; R;
is the radial distance from point load to desired point;
¢ 1s the angle between the normal load vector and the
position vector from the point load to the desired
point; and 8 is the angle between the shear load vector
and the vertical plane that contains the position vector
from the shear load to the desired point. Fig. 7 shows
these geometric relationships. After the radial stresses

b i
Z

Fig. 7. Geometric relationships for the Frilich and modified
Cerruti equations
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are rotated into fixed orthogonal coordinates, they can
be summed to determine the total stress tensor. The
Frolich-modified Cerruti equation [Egqn (8)] was used
to analyse the predicted stress states of different tyre
footprints. However, since the Frolich and Cerruti
equations were developed with the assumption of a
Poisson’s ratio of 0-5 (no volume change), it would
not be valid to calculate volume changes from these
stresses.

5.2. Soil compaction prediction procedures by finite
element analysis

Stress and strain distribution within the soil profile
can also be analysed using finite element analysis. The
finite element method offers a great deal of flexibility,
particularly with boundary conditions, and can handle
complex situations such as different soil structures,
hard pans and obstructions. Complex loading struc-
tures such as agricultural tyres and tillage implements
can also be modelled accurately. The main limitations
are individidual creativity and patience when setting
up boundary conditions, and the amount of computa-
tional time available.

Existing finite element methods are based on the
linear-elastic parameters, Young's modulus (F} and
Poisson’s ratio (v), which define the relationships
among stress, strain, and deformation. The stress—
strain relationship for a linear-elastic material can be
stated as:

{o} =[Clie} 9

where {o} is the stress vector; {€} is the strain vector;
and [C] is the constitutive matrix, a function of E and
v. Eqn (9) is the constitutive equation used in the
finite element analysis of linear elastic materials such
as many metals.

Agricultural soils, however, are not as well behaved
as most metals. First, agricultural soils are susceptible
to large strains and considerable compaction when
they are moist and very loose. When soils are in this
state, Young’s modulus and Poisson’s ratio must be
determined from a compression test. This is usually
accomplished using a triaxial apparatus with a confin-
ing cell pressure to prevent collapse of the soil sample.
This confining pressure results in a normal stress
perpendicular to the lateral directions, a condition
different from the situation for metals. In fact, the
results of a stress—strain test on soil are dependent on
the confining pressure, ¢,, used during the test.
Second, the results of this test on soil are highiy
non-linear and cannot be represented by single values
of E and v.

The most common technique used to handle the
non-linearity of soil within a finite element analysis is
an incremental approach. Instead of applying the
entire load and determining the resulting deforma-
tions, stresses, and strains, the load is applied in
incremental steps. The full load is divided into several
smaller loads and an analysis is made for each of the
load steps. The resuits are then accumulated until the
full load has been applied. A tangential Young's
modulus is calculated at each successive load step for
the next progressive step. Poisson’s ratio generally is
considered constant.?*?!

Perumpral et al.,*? using an alternate definition for
Young’s modulus, calculated Young's modulus by
examining a unique relationship between octahedral
stress ratios and shear strain. Values of Young’s
modulus for successive steps were obtained from this
relationship based on the loads of the current step. A
single value of Poisson’s ratio was assumed. Another
common approach®?* is to use a hyperbolic stress—
strain relationship to determine a tangential Young’s
modulus

£— [1 _ R{1—sin ¢)(o, - 03)]2Kpa ($) w0

2Ccos ¢ + 205 sin ¢

where R; i1s the failure ratio; € and ¢ are the
Mohr-Coulomb failure envelope parameters; K is a
modulus number; # is the exponent determining the
rate of variation of the inittal E with o3 p, is
atmospheric pressure; and o,, o5 arc principal str-
esses. This approach has parameters that are easily
determined from standard triaxial tests.

Duncan and Chang® recognized that Poisson’s ratio
should not be considered a constant under a general
system of changing stresses. They calculated values of
Poisson’s ratio from triaxial tests using Eqn (11)

Ae; — Ae,

Ve ZAEl

(11)

where Ae, is the incremental volumetric strain and
Ae, is the incremental axial strain. They found that
Poisson’s ratio varied from 0-11 to 065 as deviatoric
stress increased. However, Duncan and Chang did not
use this equation in their finite element program
because of computational difficulties.

Raper and Erbach?® also questioned the role of
Poisson’s ratio during the soil compaction process.
They used finite element analysis to analyse soil
compaction under a flat plate. They reported that soil
stress values were more dependent upon Poisson’s
ratio than on Young’s modulus. Their results indicated
the importance of both parameters throughout the
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cntire simulation cycle. 1f a high constant value of
Poisson’s ratio is assumed for initially loose soil, too
much force will be transferred laterally. This will
create excessive soil strength and restrict soil compac-
tion during successive steps.

Raper and Erbach? used Eqn (11) to determine
values of Poisson’s ratio and the first derivative of Eqn
(3) to determine values of Young’s modulus in a finite
element program designed to predict soil stresses and
soil compaction. Stresses predicted by the finite ele-
ment program were compared with stresses measured
in a laboratory experiment. S§Ts were buried in the
soil and a fiat circular steel plaie was used 1o apply
vertical loads to the soil surface. Values of octahedral
normal stress calculated from the SST data compared
favourably with predicted values from the finite ele-
ment program {Fig. 8). Most of the stresses predicted
by the finite element program were contained within
the 95% confidence intervals of the SST stresses.

Raper et al.*® further expanded their program 1o use
the deviatoric stress model, Eqn (6), to predict soil
stresses and compaction. These new predicted stresses
were compared with the stresses from the circular flat
plate experiment. Predicted values of octahedral nor-
mal stresses from the finite clement program were
generally greater than the stresses from the circular
flat plate experiment. Only about 50% of the stresses
predicted by the finite element program were con-
tained within the 95% confidence intervals of the $ST
stresses,

The inaccuracies of soil stress predictions are cur-
rently being atiributed to poor predictions of Poisson’s
ratio. Laboratory data from past research that were
being used to relate the volumetric strain to axial
strain were being extrapolated beyond their original
range of stress ratios (Grisso et al?®). New develop-
ments in the constitutive relationship (Johnson and
Bailey®®) should enhance the finite element analysis

06
Horizontal distance, m

Fig. 8. Qctahedral normal stress comours (kPa) under a loud

of 25 kN applied by a flat disc. Predicted by the finite element

method. A hard pan was assumed to be located at a depth of
340 mm, and the stars indicate the positions of the S5Ts

and allow more accurate estimations of Poisson’s
ratio.

6. Conclusions

The results of research in several related areas are
being integrated into a procedure to predict soil
compaction from machinery traffic. Soil-tyre interface
and soil profile stresses are being measured. Analyti-
cal and finite element analyses provide methods of
presenting the stress distribution throughout the soil
profile. Constitutive stress—strain relationships involv-
ing shear and normal stresses link the stresses in the
profile to the resulting soil compaction and strain. The
versatility and accuracy of the finite element analysis
should increase with {i) continued improvements and
refinements in constitutive equations for soils, (ii)
further developments in techniques for handling non-
linear stress-strain behaviour, and (iii) integraticn of
soil-tyre interface stresses into the finite element
program. Simpler techniques of determining the soil
paramelers in the constitutive equations are also
needed.
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